Current experience shows, it is often impossible to fulfill certain functional tasks that are essential in challenging drilling and production environments using conventional macro and micro type fluid additives due to their inadequate physical, mechanical, chemical, thermal and environmental characteristics. Hence, the industry is looking for physically small, chemically and thermally stable, biologically degradable, environmentally benign chemicals, polymers or natural products for designing smart fluids to use virtually in all areas of oil and gas exploration and exploitation. Due to totally different and highly enhanced physio-chemical, electrical, thermal, hydrodynamic properties and interaction potential of nanomaterials compared to their parent materials, the nanos are considered to be the most promising material of choice for smart fluid design for oil and gas field application. This paper describes the formulation and preliminary test results of several nano-based drilling fluids.
Introduction
Water or oil-based drilling fluid is the first foreign fluid that contacts the reservoir zone of a borehole. Most muds contain sufficient quantities of particles that are used as a part of the mud formulation. These desirable mud solids can cause severe formation damage in the presence of a poor quality mudcake. Moreover, the cutting debris generated while drilling may produce enough micro-sized and colloidal particles to cause severe formation damage if a poor quality mudcake is deposited on the borehole wall. Hence, drilling muds that are unable to form a well dispersed, tight and thin plaster like external mudcake on the borehole wall can cause serious formation damage due to the formation of an internal mudcake in the vicinity of the wellbore. The solids and the liquid phases invading the near wellbore formation may also interact with the formations such as salt, clays, anhydrite, etc leading to precipitation, clay dispersion, pore throat blockage, in-situ polymerization and thus may create a flow barrier to stop or reduce oil and gas flow. Damage by solids particle invasion and difficulties in cleaning the particulate damage have long been recognized by the industry. Hence, prevention of formation damage in the first place is the best strategic tool than cleaning the damage in the second place (Amanullah and Ziad, 2010) .
The spurt loss associated with most of the mud systems is one of the notorious sources of solid particles and particulate invasion in the vicinity of the wellbore. According to the experimental results of Beeson and Wright (1952) spurt losses ranging from 2.3 to 7 ml may take place in the presence of formation having permeability in the range of 7 to 469 md. Mungun (1965) pointed out that the primary cause of permeability reduction in the invaded zone is the blockage of pore passages by dispersed solid particles. This blockage or barrier may be due to the physical movement of the fine particles into the formation or chemical interactions of solids/filtrate with the formation or a combination of both. The investigation of the effect of particle penetration and particle concentration on formation damage and depth of invasion conducted by Todd et al. (1990) indicates that even 1-15 ppm water suspension containing less than 3 micron size particles may cause in-depth invasion with serious damage to the formation permeability. That's why suspended particles, even in very dilute solutions like mud spurt may cause significant permeability impairment and thus may lead to a drastic reduction in oil and gas production.
The fine particles coming into the drilling mud as a part of drill solids may also cause severe formation damage if the mudcake formed on the borehole wall is poorly dispersed, very thick due to particle flocculation and has highly porous fabric due to loose-fabric formation by the flocs, aggregates and the particles. This highlights the importance of mud design to produce crystal clear filtrate with virtually no spurt, low filtrate volume and well dispersed and tightly packed mudcake. As the ultimate aim of drilling is the recovery of oil and gas to the maximum level i.e. more than 70% of the oil and gas in place, the use of a non-damaging drill-in fluid while drilling the reservoir is very important.
Overbalance drilling is the most common mode of drilling, especially in wildcat and troublesome areas. In this mode of drilling, the pressure exerted by the column of drilling fluid is higher than the pressure exerted by the formation fluid. The pressure differential across the borehole wall may be as high as 2000 psi (Lundie, 1988) in some cases. Hence, there is a high tendency of drilling and drill-in fluids to invade the formation leading to the damage to the near wellbore reservoir section if the fluid has high spurt and filtrate losses. The invasion and thus the formation damage potential are increased significantly if the mud is unable to produce a well dispersed, tight and thin mudcake on the borehole wall.
The thickness of the deposited mudcake is also a critical factor in many drilling and reservoir engineering problems. Muds producing soft and thick cakes increase the potential of differential sticking and thus are not desirable for geological formations highly prone to differential sticking (Amanullah and Tan, 2000) . Problems such as tight hole, torque and drag, embedded cuttings bed formation etc are associated with physio-chemical nature of the mudcake. The decrease in effective hole size with increasing mudcake thickness also makes the open hole logging more difficult. Muds depositing particles as flocs on the borehole wall increases cake thickness dramatically. That's why salt intolerant drilling muds such as some polymer and bentonite muds create very thick mudcakes.
Most investigators attribute reduction in stuck pipe problems in the presence of oil-based muds due to the deposition of usually thin mudcakes by OBM systems (Chillingarian and Vorabutr, 1983). The casing running load in the open hole section of directional and horizontal wells are significantly influenced by mudcake properties also. Maidla (1987) showed how mudcake deposited on the wall of a borehole could affect casing running loads. The pulling force required for freeing a stuck pipe also increases with increasing mudcake thickness (Outmans, 1958) . Isambourg and Matri (1999) showed how the magnitude of pulling force that is necessary to free a stuck pipe changes with a change in mudcake thickness. This highlights the need for the development of a smart fluid that is capable to reduce the fluid loss, eliminate spurt loss and deposit ultra-tight and thin mudcake while drilling.
Due to a change in the operational depth, nature of subsurface geo-hazards with increasing depth, length of horizontal departure to maximize production, complexity of drilling operation with changing operational environment, shape of wellbore profile or number of laterals from a mother-bore to maximize reservoir contact, significantly changed physical, chemical and thermal conditions of deeper horizons, the oil and gas industry faces a range of materials-related challenges in the design of high performance drilling, drill-in, completion and stimulation fluids to overcome the drilling and production related technical and environmental challenges. Current experience shows, it is often impossible to fulfill certain functional tasks that are essential in challenging drilling and production environments using conventional macro and micro type mud additives due to their inadequate physical, mechanical, chemical, thermal and environmental characteristics. Hence, the industry is looking for mechanically strong, physically small, chemically and thermally stable, biologically degradable, environmentally benign chemicals, polymers or natural products for designing smart fluids to use virtually in all areas of oil and gas exploration and exploitation. Due to totally different and highly enhanced physio-chemical, mechanical, electrical, thermal, hydrodynamic properties and interaction potential of nanomaterials compared to their parent materials, the nanos are considered to be the most promising material of choice for smart fluid design for oil and gas field applications. Moreover, due to the scope of manufacturing of tailored made nanomaterials with custom made functional behavior, ionic nature, physical shape and sizes, charge density/unit volume, nanotechnology opened the door to the development of a new generation of fluids defined as the smart fluids for drilling, production and stimulation related applications. According to Amanullah and Al-Tahini (2009) the current ability of nanotechnology to manufacture tailored made nano-materials with specific characteristic properties is expected to play a leading role in overcoming technical challenges associated with conventional macro and micro material-based drilling fluids. This paper describes the preliminary test results of several water-based nanofluids developed using several commercial nano-materials to overcome the challenges associated with conventional drilling fluids.
Nano-based Drilling Fluid
Drilling, drill-in or completion fluids that contain at least one additive with particle size in the range of 1-100 nanometers are defined as nano-based drilling, drill-in and completion fluids. Physically a nano sized particle has a dimension that is one billionth of a meter. Typical human hair has a diameter of about 80,000 nanometers and one nanometer is roughly equal to the width of 10 hydrogen atoms (Saeid et al. 2006) if measured using an atomic scale. Compared to the macro and micro-sized materials, nano sized materials have drastically higher surface area to volume ratio. Figure 1 shows the surface area to volume ratio of a unit volume/mass of macro (1 mm), micro ( 1 micron) and nano sized (1 nanometer ) spherical particles. The data indicate more than a million fold increase in surface area to volume ratio if a macro particle is converted into nano-sized particles. By virtue of the huge surface area of the nano-material and the predominant role of surface, Van der Waals, molecular and atomic forces over the physical forces, nanos are expected to produce game changing fluid properties with a tiny concentration of the nano-material (< 1%) in the fluid system. According to Smalley and Yakobsonb (1998) and Zhou et al. (2005) the beyond colloidal sizes of nanos with their close proximity to the atomic scale compared to macros and micros, the laws that govern nanoscale material behavior are drastically different than the laws governing the macro and micro-scale behavior. This is reflected by the significantly different behavior of carbon nanotubes and fullerenes from those of graphite even though these materials were derived from the graphite mother source. The potential to make tailored made particles with custom made behavior is also going to play an important role in superior nano-based fluid formulation. Hence, the application of nano-based fluid additives in formulating high performance water and oil-based mud systems has the potential to overcome the current as well as future technical challenges faced by the oil and gas industry. The extremely high surface area to volume ratio of nano-materials compared to the macro and micro materials of the same mother source provides them dramatically increased interaction potentials with reactive shale to eliminate shale-drilling mud interactions and the associated borehole problems. The capability of nanomaterials to form well dispersed plastering effect on the borehole wall with concentration of less than 1% in a drilling mud system is expected to improve the fluid and drilling performance significantly. The extremely high surface area to volume ratio of nanoparticles (see Figure 1 ) can provide several other technical benefits for safe and economic drilling operation. As for example, the huge surface area to volume ratio of nano-based mud additive is expected to improve the thermal conductivity of nano-based fluids. Hence, the enhanced thermal conductivity of drilling mud will provide efficient cooling of drill bit leading to a significant increase in operating life cycle of a drill bit. The high heat transfer coefficient of nano-containing fluid will also play a positive role in cooling the drilling mud quickly at the surface. In case of high temperature and high pressure drilling (HTHP) operation, traditional oil and water-based fluids have relatively poor heat transfer coefficient which hamper the cooling efficiency of the fluid due to slow dissipation of heat from the surfaces of down hole tools and equipment. Hence, there is a higher scope of equipment failure due to thermal degradation effect of high temperature. In this case, the design of a nano-based drilling fluid using tailored made nanopartiles of extremely high thermal stability and heat transfer coefficient can save millions of dollars associated with equipment damage, repair, failure and/or replacement. Due to the presence of an astronomical high number of extremely tiny particles with huge surface area, high heat tolerance, high thermal conductivity, high mobility, effective interaction with external and internal rock surfaces, nano-based drilling mud systems are expected to play a pivotal role in current and future HTHP drilling operations, complex drilling conditions, deep water drilling operations, etc.
The wear and tear of down hole tools and equipment are some of the major problems while drilling, especially in deviated, horizontal and extended reach wells. Several factors such as the abrasive action of natural materials that are present in the subsurface formations, the abrasive action of the drill solids that are incorporated into the drilling mud while drilling and/or the detrimental effect of the higher kinetic energy impact associated with desirable macro and/or micro sized particles that are added into the mud system to fulfill certain functional tasks. That's why the predominantly micro-sized particles that are usually used in conventional water and oil-based mud formulations accelerate or aggravate the wear and tear of the surface and subsurface equipment. Due to extremely tiny sizes of nanos, the wear and tear of down hole equipment due to the abrasive action of the nano-sized particles is negligible because of less kinetic energy impact of nanoparticles. From an environmental compliance point of view, the application of nanos in drilling fluid design may turn a nanofluid highly environment friendly due to the requirement of an extremely low concentration of nano-additives (typically < 1%) in the mud formulation. Hence, the nano-based fluids could be the fluid of choice in conducting drilling operation in sensitive environments to protect other natural resources. 
Nano-based Fluid Formulation
Several water-based nano-fluids were formulated using three commercial nanos. Fresh water was used for mud formulation in this preliminary study. The concentration of nano-material that was used in formulating the preliminary waterbased nano-fluid systems is 0.5 ppb (0.14% w/w). Due to high cost of effective nano-dispersing surfactant, the surfactant method of nanostabilization was avoided to reduce the mud cost significantly. A water soluble polymeric viscosifier was used for initial formulation of a nano-based fluid. Due to instability of the initially formulated nano-based fluid (see Figure 2 (a) ), several other additives were evaluated to formulate a viable drilling mud system. Finally a conventional viscosifier and a trifunctional mud additive were used to enhance the viscous characteristics, create shielding around the nanos and control the fluid loss behavior of the nanofluid simultaneously. Evaluation of different combinations of concentration effect of the selected additives lead to define the optimum range of the additives for a viable nano-based fluid formulation. Figure 2(b) shows the photo of the finally formulated nanofluid that remained stable for a long time. After mixing required mud additives in the fluid phase, the pH of the mud was adjusted to 10 using NaOH to prevent the generation of foul odor, bacterial degradation and also to keep the mud in alkaline range. A bentonite mud was used as a representative of a microsized particle containing drilling fluid and also to use as a baseline drilling fluid for comparative evaluation of rheological, gel strength and API filtration properties of the nano-based drilling fluids described herein.
Results and Discussion
The qualitative assessment of the stability of the nanobased fluids was done by making short and long term observation of the fluid behavior after preparation of the fluids. Figure 2 shows the photos of the two samples representing the initial and final formulations that were used for qualitative assessment of the nano-based fluids. The observation of the short as well as long term behavior of the initially formulated nanofluid shown in Figure 2 (a) indicates that the preparation of a homogeneous and stable nanofluid with an adequate time dependant stability is very difficult without the use of highly effective surfactants, chemicals or polymers. This is due to the fact that the easy agglomeration of nano-particles due to the predominant role of surface forces trigger quick flocculation of mechanically dispersed particles once the agitation is stopped. The different types of surface forces associated with the nanoparticles act quickly to create nano flocs leading to nano agglomerates after the cession of mechanical agitation. Once the flocs and aggregates become physically significant, the active role of gravitational force lead to the sedimentation of the nano-partilcles in the fluid system. The qualitative assessment result of the initially formulated nano-based fluid indicates that the chemicals, polymers and surfactants that are unable to provide an effective shielding around the nanos are unable to neutralize or minimize the attractive surface forces and thus unable to maintain short as well as long term stability of nano-based fluid. The result further indicates that chemicals, polymer and surfactants with high shielding or neutralizing capabilities will be able to provide adequate stability of nano-based fluid to function as a viable drilling fluid system. The surfactant-based dispersing additive that provides good short and long term stability of nanobased fluid is very costly and is not application for oil and gas field application. Also the use of any non-environment friendly nano-stabilizing additive will have poor industrial acceptance due to increasing concern of the global communities to protect the global environment. Hence, the identification of an economically attractive, technically suitable and environment friendly additive was an important part of the fluid formulation. Dedicated research conducted by the Drilling Technology Team of Saudi Aramco lead to a final formulation of a nano-based fluid that has excellent short as well as long term stability (see Figure 2 (b) ). After several unsuccessful formulations or formulations that provided poor or undesirable mud properties, a combination of two environment friendly mud additives was mixed with the mechanically dispersed nanofluid while the nanos and fluid were in a highly turbulent condition. The combined effect of the two mud additives provided an effective mechanical shielding effect around the hydro-dynamically dispersed nanoparticles leading to the development of a highly stable nano-based fluid (see Figure 2 (b)) with desirable mud properties.
Figure 3 Assessment of the Time Dependant Stability of Nano-based Fluid Rheology

Figure 4 Comparison of Time Dependant Stability of Gelling Property of the Nano-based Fluid
Other than the qualitative observation of the finally formulated nano-based fluid, time dependant behavior of the rheological properties of the nano-based fluid was measured using a rotational viscometer widely used by the oil and gas industry. The measurement was done immediately after preparation and also after 18, 48 and 72 hours i.e. up to 3 days of static aging of the nanofluid. Figure 3 and 4 show the time dependant rheological and gel strength behavior of the nano-based fluids measured as a function of time. Analyses of the rheological profiles of the drilling muds shown in Figure 3 indicate no significant changes of the viscous profile of the nano-based fluid. The virtually similar rheological characteristics of the nanobased fluid immediately after preparation and also after 18, 48 and 72 hours of static aging demonstrate the short as well as long term stability of the newly formulated nano-based fluid to fulfill its functional tasks while drilling. The 10 seconds and 10 minutes gel strength shown in Figure 4 also demonstrate the short as well as long term stability of the nano-based fluid.
The comparison of the rheological profiles and the gel strength behavior of the nano-based fluids A, B and C with the commonly used micro-sized bentonite-based mud indicates far superior viscous and gelling properties (see Figures 5 and 6 ) for the nano-based fluid systems and thus expected to provide better fluid performance while drilling. The difference between the 600 rpm and 300 rpm readings of the bentonite mud and the nano-based fluids indicate superior yield point for all the nanobased fluid. The higher yield point of the nano-based fluids will ensure better dynamic suspension of drilling cuttings and efficient cleaning of the borehole while drilling. The improved hole cleaning efficiency of the drilling mud will play a positive role in reducing different borehole problems associated with poor hole cleaning leading to a significant reduction in total drilling cost. This cost reduction is associated with the elimination of mud treatment cost, additional polymers and chemical cost, non-productive time cost, problem solution and recovery cost, etc. Hence, in spite of higher cost of nano-based fluid compared to conventional drilling mud, the nano-based fluid has the potential to reduce the total drilling cost, especially in complex and troublesome drilling conditions.
The flat type gel strength property of the nano-based drilling fluid (see Figure 6 ) compared to the progressive type gel strength of the micro-sized bentonite-based drilling mud also demonstrate superior functional behavior of nano-based fluid while drilling. The development of adequate gel strength of the nano-based fluid immediately after cession of the drilling operation will allow homogeneous and distributed suspension of the cuttings within the fluid column without causing any concentrated accumulation of drill cuttings in critical borehole areas. This will eliminates problems such as hole pack-off, bridging, cuttings bed formation in deviated, horizontal and extended reach wells, sagging in deviated borehole, mechanical pipe sticking, etc. The flat type gel strength of the nano-based fluid will also ensure the requirement of lower circulation pressure to restart the drilling operation and thus will play a positive role in reducing ECD, induced loss of circulation and other drilling problems. 
Nanofluid Filtrate
The comparison of the API fluid loss behavior of the nano-based fluids shown in Figure 7 with respect to the micro-sized bentonite mud shows similar API fluid loss behavior but without any spurt loss. In contrast to the nano-based fluid, the bentonite mud shows about 2 cc spurt loss in API test conditions. The lack of spurt loss of the nano-based fluids demonstrates an interesting feature of the fluids. Mud spurt is one of the major factors that create serious damage to the producing zone. The particulate materials that are carried by the mud spurt cause blockage to the pores and pore throats and thus lead to the formation of an internal mudcake as a roughly circular ring in the invaded zone of the borehole. This circular ring of packed solids is tightly fixed in the rock matrix and the narrow pore throats of the near wellbore producing zone and thus often difficult to clean by the back flow of hydrocarbon during testing and production. Due to the intimate association of the solid particles borne by the mud spurt into the near wellbore rock matrix, the treatment fluid that is used to clean the mudcake before cementing and completing a well often performs very badly. In most of the cases, the best treatment fluids used by the industry fail to clean the borehole properly to restore the original poro-perm characteristics of the invaded zone. The production engineering significance of a poorly cleaning job is a significant decrease in well productivity, ultimate recovery and thus the return on investment. The crystal clear filtrate of the nano-based fluid shown in Figure 8 also demonstrates the non-damaging nature of the fluids. The spurt and the API fluid loss behavior of the nano-based fluid as a whole indicate a nondamaging fluid system to protect the poro-perm characteristics of the near wellbore reservoir section. If KCl salt or other clay inhibitors are included in the nano-based fluid formulation while drilling clay rich producing zone, then the dissolved salt and/or the inhibitor in the mud filtrate is expected to prevent the clay swelling and clay dispersion within the invaded zone leading to the elimination of clay related formation damage mechanisms. The combined result of the elimination of internal mudcake formation and clay inhibition by additing inhibitive mud additives may lead to the elimination of two prominent formation damage mechanisms, especially for clay-rich reservoirs. This demonstrates the high technio-economic significance of nano-based fluids in current as well as future exploration and explotation of oil and gas resources.
The analyses of the solids content and the API fluid loss property of the nano-based fluids containing less than 0.5% nano particles with the bentonite mud containing 6.67% solids indicate very similar fluid loss behaviour. This demonstrate the potential of superior fluid formulation using a tiny fraction of nanomaterials to produce similar or better properties that can be achived by using a significantly high concentration of micro-sized mud additives in a mud system. The fluid loss properties of the mud can be improved further by adding conventional fluid loss additives or tailored made nano-additives with superior plugging and sealing capacity.
The analyses of the nature and measurement of the thickness of the mudcakes produced by the nano-based fluids indicate the deposition of a very thin, well dispersed and tight mudcake on the API filter paper (see Figure 9 ). The well textured and homogeneous mudcake with a thickness of less than 1 mm demonstrates another characteristic feature of the nano-based fluid. As different drilling problems are associated directly or indirectly with the quality and the thickness of the mudcake, the very thin, well dispersed and plaster like mudcake deposited by the nano-based drilling fluid systems may play a significant role in reducing the mudcake related drilling and production problems. The well dispesed and thin mudcakes produced by all the nano-based fluids also indicate their high potential for reducing the differential pressure sticking problem and thus are highly desirable for geological formations that are prone to cause differential pressure sticking problems while drilling. The absence of the deposition of loose, thick, poorly packed particles in the mudcakes deposited by nano-based fluids is a major factor in reducing the filtrate and spurt loss potential of the muds. Hence, it can be concluded that the well dispersed, tight and the very thin mudcake deposited by nano-based drilling and drill-in fluids can play an important role in preventing drilling and production problems. Amanullah and Tan (2001) and Amanullah (2002) showed how different mud additives affect the physio-mechanical properties of mudcakes and thus the associated borehole problems. The nature of particle orientation, the type of inter-particle contacts and the characteristics of the fabrics of the deposited mudcake have a great effect on the mudcake behavior. According to Amanullah (2003) the point type contact of particles and flocs created due to poorly dispersed mud additives along with their nonparallel orientation within the mudcake matrix are some of the factors in causing mud related formation damage. Due to the high possibility of areal type contact among the well dispersed nano particles of an engineered nanofluid, the deposited mudcake is likely to have very low permeability due to the formation of extremely narrow permeable pathways or channels within the mudcake matrix. Hence, highly engineered nanobased smart fluids could be a superior and high performance reservoir drill-in fluid to maximize hydrocarbon production.
Other than the filtrate and mud spurt induced formation damage, the efficiency of mudcake cleaning prior to cementing and completing a well plays an important role in productivity enhancement of a well. The deposition of a thin, homogeneous and well dispersed external mudcake without the formation of an internal mudcake is expected to improve the cleaning action of the cleaning fluid due to the availability of relatively high areas for interactions and easy access of the cleaning fluid to most of the deposited mudcake surface. The combined action of the cleaning fluid on the external mudcake followed by the hydrodynamic action of cleaning fluid on the unconfined external mudcake will ensure effective cleaning of the mudcake from the borehole wall. Hence, a properly engineered nano-based fluid can play an important role in producing a high quality cementation job with a direct impact to the short as well as long term productivity of a well. According to Gilmore (2001) the poor primary cementing due to improper cleaning of mudcake can lead to lost reserves, increased water rates and expensive remedial work and thus can cause a significant reduction in well productivity and the return on investment.
From borehole stabilization point of view, especially in unconsolidated or poorly consolidated formations, the creation of a plaster like thin, tight and well dispersed mudcake on the borehole wall can play a positive role in the stabilization of these formations. The minimization of failure and erosion of formation sand of unconsolidated or poorly consolidated formations can reduce the sand production problem significantly leading to a drastic reduction in pump and other mud circulating equipment failures. This highlights another economic benefit of nano-based drilling fluid.
There is a high possibility of formation of embedded cuttings beds at the low sides of horizontal wells due to the presence of a poor quality mudcake. The ability of nano-based fluids to deposit a very thin and tightly packed mudcake on the borehole wall demonstrate its potential in eliminating or reducing the scope of embedded cuttings bed formation in deviated, horizontal and extended reach wells. This may lead to effective cleaning of deviated, horizontal and extended reach boreholes by the hydrodynamic action of circulating drilling mud.
Due to an increasing shift from vertical and directional drilling to horizontal and extended reach drilling, there is a dramatic increase in torque and drag problems while drilling. The deposition of a thick, poorly packed and non-dispersed mudcake on the horizontal borehole can increase the torque and drag problems dramatically due to significantly high area of contact of the drill string to the borehole wall relative to a vertical well. The ultra-thin mudcake deposited by the nano-based fluid due to nano-scale particle size, ultra-low concentration requirement, well dispersed fabrics and plaster like skin formation on the borehole wall indicates the possibility of a significant reduction of the frictional resistance between the pipe and the borehole wall. Hence, nano-based drilling fluid can play an important role in reducing in the torque and drag problems in deviated, horizontal, extended reach and multi-lateral drilling operations. Solids content of drilling mud is one of the factors that increases formation damage, reduces productivity index and decreases ROP. In the formulation of any muds, some solids are intentionally added to fulfill the functional tasks of the mud. As the solids content of the mud has a direct effect on the ROP and also on the formation damage potential of the mud, it is advisable to use the amount of desirable solids as little as possible. Due to huge surface area to volume ratio (see Figure 1) , and requirement of a tiny concentration (< 1% w/w) of nanomaterials (see Figure 10 ) in the fluid formulation, nano-based drilling fluid can play an important role to increase the rate of penetration. It may be mentioned that higher is the amount of desirable and total solids in the drilling mud lower is the rate of penetration. Due to ultra low concentration of desirable solids content in unweighted nano-based fluids compared to unweighted conventional fluid (see Figure 10) , the unweighted nanobased fluid could be an ideal candidate to drill competent hard rock formations to enhance the rate of penetration. Macro material has the lowest surface area to volume ratio, higher imperfection and thus possesses inferior mechanical, chemical, physical, and thermal properties compared to micro and nano-materials. 2. The macros and micros posses the material characteristics very similar to the parent materials. However, the nanos have significantly different properties compared to the parent materials. 3. Due to the possibility of incorporation of a huge number of functional groups in the same volume of nano-material compared to micro and macro materials, nano-based fluid additives can improve fluid performance dramatically. 4. The dominant role of surface forces arising due to atomic scale size range of nano-particles rather than the mass forces are the key factors for enhanced physio-chemical properties and superior performance of nano-materials and nano-based fluids. 5. Nano-based drilling fluids can play an important role in controlling loss of circulation due to the formation of nanoinduced composites and aggregates by combining nano, micro and macro particles of a mud system. 6. The generation of better or similar viscous, fluid loss and other mud properties with drastically less amount of nano-based additives demonstrate the superior fluid formulation potential of nano-based mud additives using a very low concentration of nanomaterials. 7. The elimination of spurt loss by engineered formulation of nano-based fluids using tailored made nanoparticle with custom made behavior may reduce the scope of formation damage in damage prone oil and gas reservoirs. 8. The possibility of exclusion of deposition of an internal mudcake by nano-based drilling mud will facilitate the effective cleaning of the borehole wall before completing a well. 9. The scope of deposition of a thin mudcake by nano-based fluid may lead to dramatic decrease in differential pipe sticking in highly permeable formations. 10. The extremely low solids content of unweighted nano-based fluids can play an important role in enhancing the rate of penetration in competent hard rock formations.
